and peroxidases), the N cycle (proteases, peptidases, urease, and chitinase), as well as the P and S cycles (phosphatases and arylsulfatase) are routinely assayed (Baldrian, 2009 ). Due to their importance, enzyme activities have received considerable attention, and recent reviews have shown considerable progress in the understanding of their function in the last years (Burns et al., 2013; Nannipieri et al., 2012) .
Spatial heterogeneity is one of the characteristic features of the soil environment (Hinsinger et al., 2005; Paul, 2007) . This is especially true for forest soils, which are usually not subject to anthropogenic influence for long periods of time . Consequently, heterogeneity easily develops from uneven litter decomposition and the effects of trees or plant roots, among other factors. However, even grassland soils, where the influence of large, deep penetrating roots of trees is absent, or agricultural soils, which are subject to homogenization, show a substantial level of spatial variability with respect to soil chemistry and the activity of extracellular enzymes .
Soil represents a vertically stratified environment where the deposition of organic matter on the surface and its successive decomposition in deeper horizons lead to the establishment of gradients of nutrient content, microbial biomass, and the rates of microbially mediated processes, all of which decrease with soil depth (Šnajdr et al., 2008b; Trasar-Cepeda et al., 2000; Wittmann et al., 2004) . Individual soil horizons are often distinct, with a specific chemical composition that supports the existence of varied microbial communities Lindahl et al., 2007; O'Brien et al., 2005) . While this vertical component of litter and soil heterogeneity is well understood, the data on the variability of litter and soil across an area have been only recently addressed (Ettema and Wardle, 2002) . The aim of this review is to summarize the present knowledge on the horizontal component of soil heterogeneity and to identify the factors that contribute to its establishment.
Due to the various scales at which abiotic and biotic soil properties vary and to the presence of spatial heterogeneity at these various scales (Kandeler et al., 2001) , the results of geostatistical analyses depend on the spatial resolution, which is defined by the sample size, the distance between samples, and the variables analyzed (Ettema and Wardle, 2002; Morris, 1999) . For this reason, it is useful to focus on the spatial distribution of soil enzyme activities at various levels of spatial resolution. The integration of such data is essential for our ability to scale up from individual studies to biogeochemical ecosystem models (Standing et al., 2007) . At any spatial scale, samples located close to each other typically exhibit more similar properties than those more spatially separated, thus exhibiting spatial autocorrelation. In the case of enzyme activities, there are two direct factors that cause the localized production of enzymes in the soil or litter: (i) the presence of their microbial producers; and (ii) the presence of substrates (or alternatively, the presence of inducers if expression is not constitutive). Indirect factors include the physical and chemical characteristics of the soil, land use, management practices, or the dominant vegetation (Bandick and Dick, 1999; Saviozzi et al., 2001; Sinsabaugh et al., 2008; Trasar-Cepeda et al., 2008; Tscherko and Kandeler, 1999) . These indirect factors act mainly through their effect on the direct factors. We can expect that the level of spatial variability and autocorrelation of the environmental controls significantly influences and sometimes even determines the spatial structure of enzyme activities in soils.
envIROnMenTAL fAcTORS AffecTInG THe SPATIAL DISTRIBUTIOn Of enZYMeS
Land use and dominant vegetation cover represent the most important factors that affect soil processes at the largest scales (Acosta-Martinez et al., 2007; Sotomayor-Ramirez et al., 2009; Štursová and Baldrian, 2011) ; however, due to the large variation in multiple soil properties, geostatistical approaches are often inappropriate for large-scale studies (Ettema and Wardle, 2002) . Forest soils contain more fungal biomass than agricultural and grassland soils. Additionally, the mycorrhizal community is formed primarily by ectomycorrhizal fungi in forest soils, which are associated with tree roots, instead of the arbuscular mycorrhizal fungi, which dominate the grassland and agricultural soils (van der Wal et al., 2006) . Due to the amount of their photosynthetic production, rooting depth, the identity of their fungal symbionts, and their litter production, the dominant tree taxa heavily influence forest soils Högberg et al., 2010) . In agricultural soils, spatial variability seems to be reduced by management practices such as tillage or fertilization. Several studies have reported lower enzyme activities in cultivated soils than in grasslands Masciandaro and Ceccanti, 1999; Monreal and Bergstrom, 2000; Saviozzi et al., 2001) . When pairs of closely located sites of grassland and tilled agricultural soils were sampled, grassland soils exhibited significantly higher contents of organic matter, C, N, and humic compounds, in addition to higher activity of a-glucosidase, b-xylosidase, arylsulfatase, phosphatase, alanine aminopeptidase, laccase, and Mn peroxidase . Additionally, when the enzyme activity was calculated per gram of organic matter, the activity of b-xylosidase and Mn peroxidase remained higher from grassland soil samples than the tilled agricultural soil samples. This may be because tillage destroys the mycelia of saprotrophic basidiomycetes that typically produce these enzymes.
In forests, the identity of the dominant tree species affects both the community composition of microorganisms and the activity of their extracellular enzymes. The activity of oxidative and hydrolytic enzymes in both soil and litter was determined to be regulated by tree species in forests of the same age that were developed on the same substrate (Šnajdr et al., 2013) . In mixed forests, the proximity of different tree species affected the bacterial biomass and community composition, presumably through the differences in litter quality, rhizosphere effects, or soil moisture differences as a result of varied throughfall (Saetre, 1999; Saetre and Bååth, 2000) . Even within monoculture stands, trees affect the spatial distribution of enzymes. In a Fagus sylvatica (L.) forest, the catalase activity exhibited an irregular distribution with most of the activity found at tree crown perimeters (Gömöryová, 2004) . In contrast, phosphatase activity in the rhizosphere soil of fir trees and agricultural plants was higher near tree stems when compared with the soil farther from the stems (Chen, 2003; Tarafdar and Jungk, 1987) . This is most likely due to the higher phosphate depletion in tree-rootcolonized soil compared with bulk soil.
Soil chemistry, including the content of organic matter and inorganic nutrients or the soil pH, is an important determinant of enzyme activities at smaller scales than land use. Especially pH has been repeatedly demonstrated to affect the composition of soil microbial communities (Lauber et al., 2009a; Rousk et al., 2010) . In a recent meta-analysis, organic matter and pH were identified as the most important factors affecting enzymatic activity in soils (Sinsabaugh et al., 2008) . The same result was found in a comparison of several temperate-zone soils, although the effects were more pronounced in the forest soils than in the grassland soils .
The activity of several hydrolytic enzymes, including b-glucosidase, cellobiohydrolase, phosphatase, and N-acetylglucosaminidase, has been found to increase with increasing organic matter content in various soils (Nsabimana et al., 2004; Sinsabaugh et al., 2008; Štursová and Baldrian, 2011) . The activity of chitinase, an enzyme that liberates the N-containing N-acetylglucosamine, has frequently been found to decrease with increasing N content Andersson et al., 2004; Olander and Vitousek, 2000) . This could be either due to the reduced need for N or due to the abundance of fungi (because fungi contain chitin and often produce chitinase, which decreases with increasing soil N content). These effects are not always observed, however, because other studies have not reported a fungal biomass or chitinase activity decrease after NO 3 addition (Andersson et al., 2004; Waldrop and Zak, 2006) . Although the amount of available P in soil is not always related to phosphatase activity (Venkatesan and Senthurpandian, 2006) , its addition typically leads to a decrease in the activity of this enzyme (Olander and Vitousek, 2000) . The activity of arylsulfatase in hardwood forest soils could also be reduced by the addition of (NH 4 ) 2 SO 4 (Prietzel, 2001) . Therefore, the content of soil macronutrients probably contributes to the regulation of enzyme production. The content of humic compounds in forest soils and their molecular mass in grassland soils also affect the activity of several enzymes; however, the actual mechanisms for these activities remain unclear .
The spatial variation of physicochemical soil properties is typically smaller than that of the biotic properties, with coefficients of variation (CVs, the standard deviation divided by the mean) of 5 to 10% for pH (Gömöryová, 2004; Morris, 1999) and approximately 20 to 28% for organic C, total C, and N in forest and agricultural soils (Bonmati et al., 1991; Gömöryová, 2004; Morris, 1999; Trasar-Cepeda et al., 2000) . Studies that assessed the spatial structure of soil pH or N content showed that they are spatially autocorrelated in the range of approximately 40 cm to a few meters (Baldrian et al., 2010a (Baldrian et al., , 2010b .
The moisture content in soils often shows high variability not only in space but also in time (Baldrian et al., 2010a Gömöryová et al., 2006; Morris, 1999; Möttönen et al., 1999) . This variation affects different microbial processes, such as respiration or N transformation (Bengtson et al., 2005; Orchard and Cook, 1983) . Soil moisture content also affected the activity of several enzymes in forest litter and soil (laccase, Mn peroxidase, endocellulase, endoxylanase, cellobiohydrolase, b-glucosidase, b-xylosidase, chitinase, phosphatase, and catalase) (Baldrian et al., 2010a; Gömöryová et al., 2006) . Because the effect of spatial moisture variation on enzyme activity was lower than the effect on the microbial biomass, it is likely that moisture affects enzyme production by regulating the microbial biomass content and the fungal/bacterial biomass ratio in litter and soil (Baldrian et al., 2010a) .
Moisture content is more variable than soil chemistry, with reported CVs of 8 to 52% across areas of tens of square meters (Baldrian et al., 2010a; Bengtson and Bengtsson, 2007; Bruckner et al., 1999; Gömöryová et al., 2006) , but the same level of variation was also found within a plot of just 0.12 m 2 (Baldrian et al., 2010a) . The range of spatial autocorrelation for soil moisture is similar to that of soil chemical properties and ranges from tens of centimeters to a few meters (Baldrian et al., 2010a (Baldrian et al., , 2010b .
Microorganisms, as the producers of extracellular enzymes, belong to the most obvious regulators of enzyme activity, and positive correlations of microbial biomass content and the activity of various enzymes are thus often found (Baldrian and Šnajdr, 2011) . There are, however, exceptions to this rule for several reasons. Because there is higher turnover rate of biomass in soils than of soil enzymes, a significant fraction of enzyme activity can persist in the soil long after the death of the microbial producers (Bonmati et al., 1991) . There is a large portion of time where much of the soil microbial biomass is possibly metabolically inactive.
Although there are enzymes that are produced by diverse microorganisms, such as phosphatase (Criquet et al., 2004) , production of several enzymes is limited to certain taxa. Fungi are often claimed to be responsible for the production of most lignocellulose-degrading enzymes in soils Baldrian and Valášková, 2008; Caldwell, 2005; Moller et al., 1999; Theuerl and Buscot, 2010) . Indeed, a previous study determined that the fungal biomass content was a better predictor of the activity of several enzymes in hardwood forest soils than the bacterial or total biomass (Baldrian et al., 2010a) . In deeper soil layers, chitinase was repeatedly found to correlate with fungal biomass (Andersson et al., 2004; Miller et al., 1998; Sinsabaugh et al., 2008) . Even within the fungi, individual taxa differ in their enzyme production Valášková et al., 2007) . The occurrence of a particular species, such as a saprotrophic cord-forming fungus, may induce the production of a specific enzyme. Microcosm experiments have demonstrated that the introduction of saprotrophic fungi into forest soil increases the activity of several hydrolytic and oxidative enzymes (Šnajdr et al., 2011b, 2008a) . The localization of some enzymes in these experiments, especially chitinase and phosphatase, was concentrated in the areas where mycelia of different fungal taxa interacted (Šnajdr et al., 2011b) or where fungal mycelia were grazed by soil invertebrates (Crowther et al., 2011) , and biotic interactions in this way also contribute to the soil spatial heterogeneity.
Microbial biomass content is usually more variable than soil chemical properties, with CVs typically ranging between 16 and 48% in various forest topsoils and a similar level of variation for fungal and bacterial biomass (Morris, 1999; Möttönen et al., 1999; Saetre and Bååth, 2000) .
The spatial structure of the microbial biomass content and composition seems to be in the same range as that of the soil moisture content (Bruckner et al., 1999; Klironomos et al., 1999; Möttönen et al., 1999; Saetre, 1999) . For example, microbial biomass content showed autocorrelation up to 570 cm in grassland and 60 to 1130 cm in various forest soils (Baldrian et al., 2010a; Möttönen et al., 1999; Ritz et al., 2004; Saetre and Bååth, 2000) . The ranges were typically lower in the litter, where autocorrelation occurred at 13 to 50 cm (Baldrian et al., 2010a) .
SPATIAL HeTeROGeneITY Of enZYMe AcTIvITY In SOIL AnD LITTeR
Soil enzyme activities expressed per gram of soil show even higher variation in space than soil moisture or microbial biomass content. The activities reported from several ecosystems often spanned several orders of magnitude across relatively small areas (Gömöryová, 2004; Luis et al., 2005b; Prietzel, 2001; Šnajdr et al., 2008b) . For example, the activity of laccase in the litter and organic soil horizon of a Quercus petraea (Matt.) Liebl. forest spanned more than an order of magnitude within an area of 0.1 m 2 (Šnajdr et al., 2008b; Fig. 1 ). The CVs in the litter and the topsoil horizons of forest soils have ranged from 29 to 64% for several polysaccharide hydrolases, phosphatase, and ligninolytic enzymes within areas of tens of square meters to a hectare (Šnajdr et al., 2008b; Trasar-Cepeda et al., 2000) . Also, a study considering the spatial heterogeneity of agricultural soils showed that the variation of enzyme activities (urease, phosphatase, and protease) was more variable (CVs of 31-88%) than organic C and total N content (Bonmati et al., 1991) .
It is apparent that the factors affecting the spatial distribution of enzymes vary across different spatial scales. Consequently, the most important factors that affect the enzyme distribution are sampling scale specific. While there is significant diversity in soil chemistry and land use across large areas, the extent of soil spatial variability on a smaller scale may be determined by the microbial biomass content, the presence of individual microbial colonies, or the transient variability in moisture content (Table  1) . For example, the enzyme distribution in a hardwood forest soil and litter exhibited spatial autocorrelations similar in scale to that of the microbial biomass (Baldrian et al., 2010a) . This corresponds with the autocorrelation in the composition of the laccase gene pool in the organic horizon of a beech-oak forest, which was up to 1 to 2 m (Luis et al., 2005b) . Urease activity, in contrast, was autocorrelated at distances >15 m in forest soil but <1 m in pasture (von Steiger et al., 1996) .
In several environments, however, the level of spatial heterogeneity of enzyme activities was high even at scales smaller than a few square centimeters. The rates of microbially catalyzed processes, microbial biomass content, and also community composition varied considerably across a scale of several millimeters at the soil-litter interface (Poll et al., 2006 (Poll et al., , 2008 (Poll et al., , 2010 Grundmann, 2004; Nicol et al., 2003) . The spatial autocorrelation of b-glucosidase in soil and of cellobiohydrolase and N-acetylglucosaminidase in litter was measured at a resolution of 0.63 mm 2 and was established at 2 to 3 cm. When the sample size was decreased, these values remained stable, indicating that these levels might be the lower limits of the enzyme activity hotspot size. The results also determined that the extent of this microvariability can be high, with similar CV values, comparable to those measured across areas of several square meters .
Frequently, different enzymes show a similar distribution in space, resulting in the appearance of "decomposition hotspots" where decomposition activity is considerably elevated (Fenner et al., 2011) . Thus, a decomposition hotspot can be considered an indicator of the enzymes' concomitant production due to the presence of a suitable complex substrate. High activities of several polysaccharide hydrolases in litter or soil often occurred simultaneously in the same sample or even co-occurred with Mn-peroxidase, laccase, and phosphatase activities (Baldrian et al., 2010a; Criquet et al., 2002; Šnajdr et al., 2008b) . Because cellulolytic enzymes show a high level of cooperation during decomposition, their spatial co-occurrence seems logical (Baldrian and Valášková, 2008) . Alternatively, this colocalization could be due to the presence of a specific, active microorganism or microbial community. This is supported by the observation that the activities of phosphatase, aminopeptidase, N-acetylglucosaminidase (chitinase), and b-glucosidase in coniferous forest soils were frequently co-located with the living biomass in the soil profile (such as roots, mycelial mats, or ectomycorrhizal systems) (Dong et al., 2007) . Furthermore, polysaccharide hydrolases, including cellulolytic enzymes that exhibited a similar spatial distribution in hardwood forest litter across an area of 0.11 m 2 , were preferentially produced at locations with a high fungal/bacterial biomass ratio (Baldrian et al., 2010a) . We hope that recent advances in molecular methods will allow us to explore the relationships between enzyme activity and local microbial community composition in greater detail.
cHALLenGeS fOR cURRenT ReSeARcH In MIcROBIAL DecOMPOSITIOn
Available data on spatial variation of soil properties typically reflect the situation at the time of sampling and do not communicate how stable the spatial structure is with time. Soil properties, however, are expected to change with time, as shown for the availability of inorganic N (Darrouzet-Nardi and Bowman, 2011) . Also the microbial component of soils seems to be highly dynamic, as high levels of temporal variation have been reported with regard to enzymatic activities, microbial biomass, and community composition of hardwood forest litter and soil Šnajdr et al., 2011a) . As one of the major drivers of microbial biomass and activity, soil moisture exhibits seasonal changes that substantially affect soil functions. In dry periods, soils contain less microbial biomass and exhibit reduced enzyme activities (Andersson et al., 2004; Miller et al., 1998; Sinsabaugh et al., 2008) . Additionally, moisture content with time has been positively correlated with microbial biomass and respiration in forest litter (Schimel et al., 1999) . Considering the dynamics of soil moisture content, for example, after individual rainfall events, it seems that the microbial activity of soils is likely to be highly dynamic. The extent of this phenomenon, however, remains largely unclear.
Enzyme activity estimations are just one approach to studying microbial decomposition processes in soils. Techniques targeting either basal or substrate-induced respiration will probably deliver measures of activity that more closely reflect the actual rates of biological processes in soils than do measurements of enzyme activity that use artificial substrates (Alef and Nannipieri, 1995) but are not able to distinguish individual biochemical reactions.
Current molecular methods are able to qualitatively target the abundance of enzyme-encoding genes in the metagenome or transcribed gene sequences using metatranscriptome analysis. These approaches have been combined in studies that specifically target laccase (Luis et al., 2005a) , exocellulase Eichorst and Kuske, 2012) , or a range of various glycosyl hydrolases and oxidases (Kellner and Vandenbol, 2010) in forest soils and are highly attractive due to their theoretical potential to assign gene sequences to specific groups of soil microorganisms. Single-gene-oriented surveys suffer from limitations, however, due to their limited applicability to only highly similar gene sequences (often a single protein family) and varying specificity of polymerase chain reaction (PCR) primers. In future, these limitations may be overcome by sequencing entire transcriptomes, which would help with describing the whole pool of expressed genes. This was shown by a recent study of eukaryotic expression in forest soils that detected several families of glycosyl hydrolases and other enzymes (Damon et al., 2012) . Quantitative PCR of gene sequences or of mRNA transcripts was recently used to quantify several enzyme-encoding genes, including phenoloxidase-laccase (Hassett et al., 2009; Lauber et al., 2009b) . Although the method can theoretically provide some quantitative measures of the gene pool size or expression levels, designing specific but generally applicable experimental conditions remains highly challenging. Environmental proteomics, despite the methodological limitations, has demonstrated its power in the analysis of a litter protein pool (Schneider et al., 2012) . In the future, it may represent one of the most successful approaches in decomposition research.
It is likely that future research will utilize a combination of these methodologies with measurements of enzymatic activity, advanced soil chemistry, and the analysis of microbial community composition (using next-generation sequencing methods). The goal will be to increase our knowledge regarding the relationships among the observed rates of decomposition, the identity of the genes involved, their microbial producers, and their regulating environmental factors. In addition to an adequate methodology, however, it will also be important to collect sufficient data sets of spatially defined data before general conclusions on the spatial determinants of enzymatic processes can be made.
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